The NMDA receptor plays an important role in induction of pain hyperalgesia and allodynia by tissue trauma. Although the analgesic effect of NMDA receptor antagonists has been well reported in various experimental study and clinical pain trial, serious side effects were reported and limited their use in clinical medication. To obtain NMDA receptor antagonist with less side effects, an alternative approach is to use subtype-selective NMDA receptor antagonists. However, the effects of current available NMDA receptor antagonist's drug are not absolute specific for antagonizing specific NMDA receptor subtypes. RNA interference (RNAi), a post-transcriptional destruction or inhibition of target gene mRNA mechanism through small interfering RNA, has been exploited as a powerful technique for investigating protein function and the validity of target genes. For modulating pain hypersensitivity, the RNAi mechanism can be exploited as an experimental tool to specifically and transiently inhibit a target gene instead of receptor antagonists. In this review we provide an overview of the molecules involved in the RNAi pathway such as small interfering RNA, short hairpin RNA, and microRNA as well as summarize the results of recent studies on the applicability of exploiting RNAi mechanisms that specifically target NMDA receptor subunits in skin, dorsal root ganglion and spinal cord as a means of inhibiting nociception.
Introduction
RNA interference (RNAi) is an evolutionarily conserved process leading to post-transcriptional gene silencing medicated by short doublestranded RNA (dsRNA) molecules. Discovered in 1998 [1] , the RNAi pathway, the one of the most important technological breakthroughs in modern biology, allowing us to study protein function and validate the expression of specific gene in mammalian system. Until now it has become a valuable research tool for gene knockdown studies, pathway analysis, phenotype analysis, and drug target discovery. The development of pain is associated with complex interaction of neurotransmitters and proteins. RNAi has become a promising tool to study the expression of gene and protein involved in pain processing pathways and to treat inflammatory and neuropathic pain [2] [3] [4] [5] . In the past years, RNAi have already been applied in many pain studies, and microRNAs (miRNAs) are a rising field in pain research and treatment. Short dsRNA can be generated by exogenous or Review article Ping-Heng Tan endogenous short hairpin RNA and then exerts breakage of mRNA. The 3' untranslated region (UTR) of a single gene is predicted to be targeted by several different miRNAs with bioinformatical analysis [6] . miRNAs might be a promising tool to manage inflammatory and neuropathic pain by modulating the expression of gene and protein involved in pain processing pathways. There is accumulating evidence to implicate the importance of N-methyl-D-aspartate (NMDA) receptors to the induction and maintenance of central sensitization during pain states. Recently, RNAi was applied to silence the NMDA receptor in spinal cord, dorsal root ganglion and skin for pain relief due to its high specificity. In this review, we will review the pain studies applying gene knockdown of NMDA receptor subunits in skin, dorsal root ganglion and spinal cord by RNAi.
Mechanism of RNA Interference
Two types of small RNA molecules -small interfering RNAs (siRNAs) and miRNAs-are known to mediate RNAi. miRNAs are small noncoding RNAs of 18-25 nucleotides that regulate gene expression. The RNAi is initiated by the RNase III enzyme Dicer, which cleaves long dsRNA molecules of exogenous or endogenous origin [7, 8] into short double-stranded fragments of 21 to 23-nucleotide siRNAs. These siRNAs are processed to single guide (antisense) strands by selective cleavage of the passenger (sense) strand by the enzyme Argonaute 2 [9, 10] . The antisense strands were then incorporated into the RNA-induced silencing complex (RISC) [11] , which then identified a complementary sequence in mRNA and induced cleavage by Argonaut 2 in the RISC [12] . Subsequently, these cleaved products are targeted for degradation, which results in reduction of target protein levels.
In most eukaryotic cells, miRNAs are mostly transcribed as primary transcripts of long primary miRNAs (pri-miRNA) from intragenic or intergenic regions by RNA polymerase II (Pol II) [13, 14] . The primary transcripts are further processed by RNase III enzyme Drosha in the nucleus into a hairpin intermediate of ~ 65 nucleotides, called pre-miRNA [15] . The pre-miRNA is transported to cytoplasm by the nuclear export factor Exportin-5 [16] . The pre-miRNAs are then processed by another ribonuclease called Dicer into a mature doublestranded miRNA of about 18-25 nucleotides in the cytoplasm [17] . The guide strand or mature miRNA is incorporated into the RISC, which separates the miRNA duplex as single strand with sequence complementary to specific target mRNA [17] . Once programmed, the RISC can down-regulate the expression of homologous mRNAs (Figure 1) .
Subunit Composition and Localization of the NMDA Receptor
Spinal glutamate receptors play an important role in the pain transmission and facilitation. For example, α-amino-3-hydroxy-5-methyl-4-isoazolepropionate (AMPA) and kainate receptors mediate monosynaptic reflexes [18] and acute nociceptive responses [19] . Conversely, NMDA receptors are implicated in polysynaptic spinal pathways [20] and in chronic nociceptive responses. Intrathecal administration of NMDA has been shown to induce pain hyperalgesia in mice and rats [21] . In addition, following various forms of peripheral nociceptive stimulation increased spinal glutamate release was observed [22] . Three types of genes encoding NMDA receptor subunits have been identified, namely NMDA-R1 (NR1), A-D isoforms of NMDA-R2 (NR2A-D), and NMDA-R3 subunit [23] . Functional NMDA-R2B receptor subunit protein (NR2B)-containing NMDA receptors are formed by their coassembly with the obligatory NR1 subunits [24] . While NR1 distributes ubiquitously in the central nervous system (CNS), NR2 subunits exhibit regional distribution and predominate in forebrain structures [25] . In a recent study, NR2B protein was found in the spinal cord, especially located in the superficial dorsal horn [26] . Although the efficacy of NMDA receptor antagonists in various experimental and clinical pain situations has been well documented, their use as analgesics is limited by serious side effects such as memory impairment, psychotomimetic effects, ataxia, and motor incoordination. To use specific subtype NMDA receptor antagonism is a promising way to obtain effective NMDA receptor antagonist analgesics and avoid side effects. However, the effect of current available pharmacological NMDA receptor antagonists is not absolutely selective for specific NMDA receptor subtypes. Therefore, siRNAs which are able to inactive NMDAR subunit gene expression are used.
Gene Knockdown of NMDA Receptor Subunits in Spinal Cord
Temporal and spatial gene deletion in the CNS can be achieved by the Cre-loxP recombination
The N-methyl-D-aspartate (NMDA) receptor in skin system [27, 28] . This is a way of deleting an essential DNA sequence between the two loxP sites catalyzed by Cre introduced by Tsien et al. [27] . South, et al. modified the technique by employing a recombinant adeno-associated virus (rAAV) encoding a green fluorescent protein/ Cre recombinase (GFP/Cre) fusion protein developed by Kaspar, et al. [28] to deliver Cre recombinase to the lumbar spinal cord dorsal horn (SCDH) of adult floxed NR1 mice, allowing the specific deletion of SCDH NMDA receptors NR1 subunit [29] . They reported that expressions of NR1 subunit mRNA and NMDA currents but not AMPA currents were reduced more than 80% in lamina II neurons. The heat or cold paw-withdrawal latencies, mechanical threshold, or motor function were not altered by NR1 knock-out. However, formalin-induced pain in the paw was reduced by 70%. Their results indicate that the postsynaptic NR1 receptor subunit in the lumbar SCDH play an essential role in inducing central sensitization and pain transmission stimulated by peripheral noxious input.
Elbashir and his colleagues reported RNAi can be elicited effectively by well-defined 21-base duplex siRNAs [7] . Tan, et al. [3] used siRNAs that inhibit NR2B gene expression to evaluate the effect of gene silencing on antinociception in a rat model of formalin-induced pain. The results showed that gene silence of NR2B subunit by siRNA decreased the expression of NR2B mRNA and protein and further abolished formalininduced pain behaviors. The peak inhibition of NR2B mRNA and protein occurred on day 3 and day 7 following intrathecal injection of 5 µg of siRNA-NR2B. These data showed that investigation of functional gene expression in the whole animal behavior model for the pain management by intrathecal siRNAs is feasible. Similar results were reported after intrathecal injection of short hairpin RNA (shRNA) targeting NR2B [30] . After that, Garraway, et al. [4] reported in vivo spatial knockdown of the expression and function of the NR1 subunit in spinal cord by rAAV plasmid encoded-NR1 siRNAs. They found that 60% to 75% knockdown of NR1 mRNA and protein was found in the rAAV plasmid injected area. A single injection of the vector resulted in spatial knockdown for at least 6 months. The vectorderived knockdown of NR1 expression in SCDH could prevent mechanical allodynia at 24 and 48 h after injection of complete Freund's adjuvant (CFA) into the hindpaws of rats but could not affect acute thermal or mechanical 
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withdrawal thresholds of paw. Garraway and his colleagues [5] also investigated the effects of intraparenchymal administration of rAAVencoded NR1 siRNA sequence into the SCDH on formalin-induced nociception in adult rats. They found that vector-derived siRNAs effectively produced spatial knockdown of NR1 gene expression that effectively attenuated formalin-induced pain behaviors and NR1 phosphorylation in the animals. These evidence proved that intrathecal siRNA targeting NMDA receptor can attenuate inflammatory pain and is a powerful tool in the investigation of spinal cord functional gene expression in the context of whole animal behavior.
Gene Knockdown of NMDA Receptor Subunits in Skin and Dorsal Root Ganglion
NMDA receptors are ubiquitously expressed in sensory neurons and axons. In the lumbar dorsal root ganglion (DRG), virtually all cells express the NR1 subunit [31] . In the periphery, Coggeshall and collegues showed that approximately 50% of the myelinated and 20-30% of the unmyelinated axons in plantar (mixed motor and sensory) and sural nerves immunostained for NR1 [32] . In addition, the NMDA receptors also existed on postganglionic sympathetic efferents, Schwann cells, and keratinocytes in the skin and affected peripheral nociceptive sensitization [33] . During inflammation, the number of ionotropic glutamate receptors, particularly NR1 in sensory axons increases, which contributes to peripheral sensitization in inflammation [34] . Thus, silencing of the gene that encodes for the NMDA receptor NR1 subunit in skin and DRGs can produce an antinociceptive effect. To study the antinociceptive effects of siRNA-mediated gene silencing, Tan, et al. first investigated the effect of knockdown of NMDA receptor NR1 subunit in skin by NR1 synthetic siRNA in rat models of formalin-and CFA-induced pain [35] . The behavioral data and analysis of skin tissue showed that 1 nmol NR1 siRNA administered intradermally effectively diminished the level of NR1 mRNA and protein in skin and attenuated the formalin and CFA-induced nociception. The administration of NR1 siRNA produced antinociceptive effect and inhibited NR1 expression for about 7 days. Furthermore, the fluorescence intensities of NR1-positive neurons and mRNA of NR1 in L5 DRGs ipsilateral to a NR1 siRNA-injected hind paw were significantly lower than those in the contralateral L5 DRG. This implies that the siRNA injected intradermally will be transported in a retrograde fashion to the ipsilateral DRG, subsequently silencing the expression of NR1. This finding was consistent with that reported by Thakor, et al. who showed that plasmid DNA or a short hairpin RNA injected subcutaneously appeared to undergo retrograde transport to L4 and L5 DRGs [36] . This study suggest that NR1 siRNA administered subcutaneously is an effective way in treating inflammatory pain induced or maintained by peripheral nociceptor activity and support the potential application of siRNA in studying peripheral nociceptive processes. We previously examined whether administration of a vector encoding NR1 shRNA could provide a prolonged antinociceptive effect in a rat model of formalin-induced pain [37] . We found that subcutaneously administering 10 µg of the NR1 shRNA-encoded vector resulted in a significant decrease in the mRNA and protein levels of NR1 on the 7th and 14th day after administration. A partial recovery of the mRNA and protein levels was found on the 21st day and a full recovery of the mRNA and protein levels of NR1 was noted on the 28 th day after administration of 10 µg NR1 shRNA. This suggests that subcutaneously administering NR1 shRNA could provide prolonged pain relief that is induced or maintained by peripheral nociceptor activity.
Viral vectors are commonly used in vivo and most vectors use polymerase (Pol) III promoters such as H1 and U6 or the minimal CMV promoter to drive the expression of siRNA [38] . However, excessive expression of siRNA driven by Pol III promoters may result in offtarget disruption of gene expression and may induce cellular toxicity [39] . Studies have shown that shRNAs targeting specific genes of interest can be inserted into a pre-miRNA backbone, such as miR30. Vector delivery of such shRNA-embedded miRNAs results in long chain transcripts containing naturally occurring miRNA and molecules involved in the RNAi pathway that are produced by the endogenous miRNA processing mechanism [40, 41] . The gene knockdown effect of a miRNA-based shRNA whose expression is driven by Pol II promoters is 12 times more potent than that of traditional shRNA whose expression is driven by Pol III promoters. Tan, et al. examined whether subcutaneously injecting a lentiviral vector encoding a NR1 miR30-embedded shRNA (shRNAmir) could produce more efficient gene silencing effect and antinociception on formalin-
The N-methyl-D-aspartate (NMDA) receptor in skin and CFA-induced pain in rats [42] . Tan, et al. found that intradermal injection of 1, 5, and 10 μg of shRNAmir significantly inhibited flinch responses and that administration of 5 μg of shRNAmir resulted in the attenuation of CFA-induced mechanical allodynia, but did not affect the time spent on the rotarod. There was also a significant reduction in the percentage of NR1-and pERK-positive neurons in the DRG ipsilateral to shRNAmir-treated paws. NR1 knockdown in skin and the DRG did not alter the basal nociceptive threshold or the NMDA receptor composition in the DRG. Administration of 5 μg of shRNAmir resulted in more than an 80% decrease in both NR1 mRNA and protein expression in skin. Suppression of NR1 mRNA and protein expression was also noted after 3 days at a dose of 1 μg but was most significant at a dose of 5 μg, reflecting a fast onset of expression at very low doses of the CMVshRNAmir system in this study. Potential adverse consequences of RNAi include activation of the interferon response and off-target gene silencing effects. In this study, the level of interferon-α mRNA expression did not increase significantly and the expression of NR2 subunits did not significantly change after administration of NR1 shRNAmir, indicating that the system did not elicit an interferon response or have an off-target effect. The results of this study demonstrate that peripheral administration of a vector-encoded NR1 shRNAmir is a promising therapy for persistent inflammatory pain.
Conclusion
The contribution of the NMDA receptor in tissue damage-induced pain hypersensitivity has been well established [43] . RNAi is often more potent and longer lasting than other nucleic acid-based approaches and, compared to gene targeting by homologous recombination, is less expensive and time consuming and not limited to a particular mammalian species [4] . Recent studies show that siRNAs or vectors encoding shRNAs that target NMDA receptors located in the central or peripheral nervous systems can prevent injury-induced pain hypersensitivity, suggesting that siRNA-based therapeutics are promising strategies for treating injury-induced pain. Recent studies have also shown that miRNAs are potential diagnostic markers or therapeutic targets in various pathophysiological conditions, especially in cancer and cardiovascular diseases. RNA interference is an emerging but powerful genetic tool with great potential for aiding in the development of future therapeutic drugs for the treatment of pain. However, for translation of RNAi therapeutics to clinic, several problems must be conquered such as effective delivery system and activation of immune system. Besides this, challenges with respect to the use of miRNAbased therapeutics such as poor cellular uptake or a low bioavailability as well as off-target effects or long-term safety concerns in humans remain to be further explored. Therefore, to maximize siRNAs and miRNAs potency and minimize off target toxicity and immunogenicity are most important for the future prospects of RNAibased therapy [44] .
